Featured Application: This investigation is to establish the model of solid-liquid coupled vibration for piezoelectric material. The experimental measurements and finite element computation results are in good agreement for both the anti-phase and in-phase vibrations coupled with various fluids. The outcome could be featured in pumping-element application that is operated efficiently in resonance.
Introduction
Due to the characteristics of interchanging the electric field with the mechanical field, the piezoelectric materials are often used as parts of the sensors or actuators. As the micro-fluid techniques develop with the design evolution of the micro-system, the piezoelectric materials are also used for micro-fluid element design. One of the common applications is the pumps being used in micro-fluidic systems in which the vibrating piezoelectric plate is used as the driving element.
The vibration characteristics of piezoelectric plates have been investigated in many research studies. Tiersten [1] proposed a complete liner piezoelectric model, and then derived the constitutive equations of the piezoelectric plates' vibration by using the electroelastic equations and the calculus of variations. Tzou [2] analyzed the vibration of piezoelectric shells, and discussed the static and dynamic characteristics of the smart materials made by bonding the piezoelectric layer on other structures. Kunkel et al. [3] investigated the vibration modes of PZT-5H ceramics disks in different diameter-to-thickness ratios. Guo et al. [4] determined the PZT-5A piezoelectric disks' vibration with 20 and 10 diameter-to-thickness ratios. The symmetric modes of vibration for circular piezoelectric plates was studied by Ivina [5] in order to optimize the dynamic electromechanical coupling coefficient. Most of the above-mentioned research studies that have analyzed the vibration of piezoelectric plates contain analytical and numerical results. The experimental results are needed to verify the theoretical computation.
Numerous researchers have investigated the vibrations in the piezoelectric elements used in micropumps. Wu and Lu [6] used a mathematical algorithm and FEM analysis to derive the vibration characteristics of a circular Si thin film used in a piezoelectric micropump affected by solid-fluid coupling. They determined that the natural frequency in a coupled system is far lower than that in a non-coupled system. With a focus on flow rates, De Lima et al. [7] implemented a valveless micropump in acrylic in which the vibration of a piezoelectric plate mimicked the caudal fins of a fish. Zhou [8] employed mathematical computation and finite element analysis to describe the vibrations in a micropump model with a focus on the means by which geometrical dimensions and fluid properties affect the resonant frequency. Hou et al. in 2008 [9] examined the vibration characteristics of a micropump with a diaphragm bonded to a piezoelectric element. Ma et al. [10, 11] developed a novel micropump that drives fluid via the vibration of a diaphragm. When implemented in the cooling system of a laptop computer, this device proved to be highly stable, thanks to its high flow rate. Ma et al. [12] also developed an innovative one-sided actuating piezoelectric valveless micropump (OAPMP-valveless) that uses a secondary chamber to pump the fluid at higher flow rates. Then, experiments were conducted on the valveless micropump to verify the efficacy of the underlying three-dimensional (3D) numerical model. The fish-tailing type of valveless piezoelectric pump was also proposed in the study of Huang el. al [13] . The dynamic analysis was performed theoretically; then, the flow rates under different driving frequencies were also studied through the experiment by Huang et al. [14] . Then, Singh et al. [15] presented the analytical and simulating model of a piezoelectric plate (PZT) actuated planar valveless PDMS micropump. The pump included a taper at the outlet to improve the flow rate, and the significant improvement of 28% was indicated in the research. The effect of the frequency and voltage on the flow rate and pressure-flow characteristics were also studied through the experiments.
The full-field optical measurement technique referred to as amplitude-fluctuation electronic speckle pattern interferometry (AF-ESPI) is highly effective in determining the resonant frequencies and corresponding vibration mode shapes of piezoelectric materials. Ma and Huang [16, 17] employed the AF-ESPI method to investigate the vibration characteristics of piezoelectric cylinders and rectangular parallelepipeds in order to obtain the resonant frequencies and mode shapes. Huang et al. [18] used three experimental techniques, including AF-ESPI, laser Doppler vibrometry (LDV), and impedance analysis to validate a theoretical analysis model derived for piezoceramic disks under stress-free boundary conditions. They also used theoretical analysis, numerical simulation, and experimental measurements to assess the vibration characteristics for piezoceramic annular disks. Lin and Ma [19] used AF-ESPI and numerical analysis to investigate the out-of-plane resonant characteristics of a cantilevered piezoceramic plate in air and three types of fluid. Both experimental and theoretical measurements revealed that the resonant frequencies decreased with an increase in the viscosity of the fluids.
A number of researchers have studied the characteristics of micropumps equipped with a single bimorph; however, there has been relatively little research on the vibration of pumping elements equipped with two bimorphs. In this study, we developed a pumping element that uses two cantilevered piezoelectric bimorphs rather than a single bimorph in order to increase the flow rate.
Then, we used AF-ESPI, LDV, and impedance analysis to investigate the vibration characteristics of two piezoelectric plates coupled to bounded compressible inviscid fluids. Finally, we formulated a numerical model using the commercial software ABAQUS v6.13.2 [20] to facilitate a comparison of the results. The gain of flow rate and the flow velocity increment of the pumping element were also investigated through the experiment. Our findings provide a novel perspective for the further development of piezoelectric pumping elements driven by two bimorphs.
Specimens and Experiment Setup

Materials and Specimens
The structure of the pump housing was fabricated from acrylic, due to its low cost and ease of shaping. Two rectangular bimorphs were attached to this structure under one-edge-fixed boundary conditions. The piezoceramic bimorph used in the experiments was a triple-layer structure with the following dimensions: 63.5 mm × 31.8 mm × 0.48 mm (Q220-A4-503YB, Piezo System Inc., Cambridge, MA, USA), as detailed in Figure 1 . After it was clamped into the pumping element structure, the effective length of the bimorph was reduced to 55 mm, as shown in Figure 2a -d. Table 1 lists the material properties of the piezoceramic plate (PSI-5A4E, Piezo System Inc., MA, USA) bonded to the outer layer of the bimorph, and those of the brass in the middle layer. Figure 3 presents images of the pumping unit. numerical model using the commercial software ABAQUS v6.13.2 [20] to facilitate a comparison of the results. The gain of flow rate and the flow velocity increment of the pumping element were also investigated through the experiment. Our findings provide a novel perspective for the further development of piezoelectric pumping elements driven by two bimorphs.
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Amplitude-Fluctuation Electronic Speckle Pattern Interferometry (AF-ESPI)
The full-field optical measurement technique referred to as amplitude-fluctuation electronic speckle pattern interferometry (AF-ESPI) is highly effective in determining the resonant frequencies and the corresponding vibration mode shapes of piezoelectric materials. We considered only out-ofplane displacement, since the displacement associated with in-plane motion is relatively small. The out-of-plane layout of the upper plate in Figure 4a ,b shows that the laser beam was split into two 
The full-field optical measurement technique referred to as amplitude-fluctuation electronic speckle pattern interferometry (AF-ESPI) is highly effective in determining the resonant frequencies and the corresponding vibration mode shapes of piezoelectric materials. We considered only out-of-plane displacement, since the displacement associated with in-plane motion is relatively small. The out-of-plane layout of the upper plate in Figure 4a ,b shows that the laser beam was split into two parts using a variable beam splitter. One of the laser beams served as an objective light directed toward the specimen to be reflected to the CCD camera. The other laser beam was used to illuminate the surface of a plate to create a speckled reference light, which was also reflected into a CCD camera. The object and reference beams were then joined in CCD sensor array. Details of the AF-ESPI experiment procedure for out-of-plane vibrations can be found in [15, 16] . In this study, we measured the mode shapes and resonant frequencies of the upper and lower bimorphs. This required a special layout that included a reflector to capture images of the lower bimorph, as shown in Figure 4c ,d. Unlike previous studies, this approach has the lower bimorph located in a position that is difficult to access (below the upper bimorph); hence, a reflection mirror is used for obtaining the image of the lower bimorph. a swept-sine signal generated by a function generator (controlled by MATLAB) was input to excite the piezoelectric bimorphs. A computer was used to record the velocity values measured using the LDV system when the bimorph is stimulated by a converse piezoelectric effect. The peaks that appeared as local maxima in the response curve indicate the resonant frequencies of the specimens under transverse vibration. This LDV system enables accurate vibration analysis; however, it is not conducive to deriving full-field resonance characteristics. 
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Laser Doppler Vibrometer (LDV)
We employed a laser Doppler vibrometer (LDV) (PDV-100, Polytec GmbH, Waldbronn, Germany) to obtain point-wise displacement measurements to be compared with the results of ESPI. This device is designed for non-contact measurement at vibration frequencies of up to 22 kHz, based on the principles underlying the Michelson interferometer and Doppler effect. This type of interferometer generates a high-frequency carrier signal within the photo detector using an acousto-optical modulator (Bragg cell). A helium neon laser beam applied to the specimen is scattered back, allowing the measurement of vibration speeds based on the difference in frequency between the two light beams. The working distance of this device ranges from 0.1 m to 30 m, and the laser spot is 30 µm in diameter (based on a focal length of 0.234 m). In this study, the focal length was varied between 0.15-0.5 m, resulting in a maximum laser spot of 124 µm. Velocity is the original data measured using an LDV; however, displacement and acceleration can both be derived via computation. In this study, a swept-sine signal generated by a function generator (controlled by MATLAB) was input to excite the piezoelectric bimorphs. A computer was used to record the velocity values measured using the LDV system when the bimorph is stimulated by a converse piezoelectric effect. The peaks that appeared as local maxima in the response curve indicate the resonant frequencies of the specimens under transverse vibration. This LDV system enables accurate vibration analysis; however, it is not conducive to deriving full-field resonance characteristics.
Impedance Analysis
Impedance is an important property of piezoelectric elements. The resonant frequency (f r ) and anti-resonant frequency (f a ) correspond to the local minimum and the local maximum of the frequency-impedance curve. They are derived using impedance analysis with the electromechanical coupling coefficient represented as follows:
We obtained the impedance response curves of the piezoelectric bimorphs using an impedance analyzer (E4990A, Keysight Technologies) with a measurement range of 20 Hz to 10 MHz. Zhou et al. [21] proposed an electromechanical model related to impedance and velocity to demonstrate the vibration characteristics of piezoelectric components. That model was subsequently used by Bhalla and Soh [22, 23] in the development of a piezoelectric transducer. The results of impedance analysis were later compared with the optical measurements.
Finite Element Analysis
We employed the commercial finite element software package ABAQUS v6.13.2 (Hibbit, Karlsson, and Sorensen, Inc., Pawtucket, RI, USA) to analyze the problem of solid-fluid coupling. A 20-node three-dimensional (3D) solid piezoelectric element (C3D20RE) was used to simulate piezoceramic materials, whereas a 20-node 3D solid element (C3D20R) was used for the simulation of brass. Each layer included 448 elements and 3359 nodes, and a surface-based tie constraint was used for the solid-fluid interface. The frequency range of the resonant analysis was 1 to 6000 Hz. It was assumed that the direction of bimorph polarization was parallel, as indicated in Figure 1 . The upper and lower electrode surfaces of the two piezoceramic plates and the middle brass layer were assumed to be conductive regions. Table 2 lists the material properties of the fluids used for acoustic coupling analysis in this study, including air, water, and glycerine. The acoustic coupling element (AC3D20) was used for fluid simulation. Figure 5 presents the full model used in the analysis of structure-fluid interactions. It was assumed that the material was elastic, compressible, non-viscous, and capable of bearing hydrostatic stress, which was proportional to the volume strain, as follows:
where K f is the bulk modulus, ε V = ε 11 + ε 22 + ε 33 . assumed that the material was elastic, compressible, non-viscous, and capable of bearing hydrostatic stress, which was proportional to the volume strain, as follows:
where f K is the bulk modulus, The equilibrium equation is as follows:
where p is the pressure above the static pressure, x is the spatial position of a fluid particle, . u f is the velocity of the fluid particle,
.. u f is the acceleration of the fluid particle, ρ f is the density of the fluid, and γ is the volumetric drag. In this acoustic analysis, we assumed a steady-state configuration, which means that only the bulk modulus and density have an impact on computation; i.e., volumetric drag is disregarded.
The Flow Rate and Flow Velocity Measurement
To verify the pumping efficiency of the anti-phase and in-phase motion of the two-bimorph structure, the experiment set-up is designed as shown in Figure 6 . Figure 6a shows the flow rate testing layout. A flow induced by water level is designed with the bionic piezoelectric valveless pump. The silicone tube straight alignment must be confirmed in order to avoid the resistance caused by flow in the bending tube. The water is poured into the water tank, so that the water flows naturally into the cavity and discharges the air. A cup placed on the electronic scale is set at the end of the outlet to measure the output water weight. The steady-state flow rate is measured by dividing the water volume by the time it takes to flow through the tube without using the pump. The gain of flow rate is obtained by dividing the flow rate increment when the pump is used by the steady-state flow rate. Figure 6b shows the flow velocity testing set-up, which is similar to the flow rate measuring test. The colored droplets are squeezed, and the time the colored liquid flows out of the silicone tube is measured. The flow velocity is computed by dividing the displacement of the tube length by the time it takes to finish flowing through it. The equilibrium equation is as follows:
where p is the pressure above the static pressure, x is the spatial position of a fluid particle, f u  is the velocity of the fluid particle, f u  is the acceleration of the fluid particle, ρf is the density of the fluid, and γ is the volumetric drag. In this acoustic analysis, we assumed a steady-state configuration, which means that only the bulk modulus and density have an impact on computation; i.e., volumetric drag is disregarded.
To verify the pumping efficiency of the anti-phase and in-phase motion of the two-bimorph structure, the experiment set-up is designed as shown in Figure 6 . Figure 6a shows the flow rate testing layout. A flow induced by water level is designed with the bionic piezoelectric valveless pump. The silicone tube straight alignment must be confirmed in order to avoid the resistance caused by flow in the bending tube. The water is poured into the water tank, so that the water flows naturally into the cavity and discharges the air. A cup placed on the electronic scale is set at the end of the outlet to measure the output water weight. The steady-state flow rate is measured by dividing the water volume by the time it takes to flow through the tube without using the pump. The gain of flow rate is obtained by dividing the flow rate increment when the pump is used by the steady-state flow rate. Figure 6b shows the flow velocity testing set-up, which is similar to the flow rate measuring test. The colored droplets are squeezed, and the time the colored liquid flows out of the silicone tube is measured. The flow velocity is computed by dividing the displacement of the tube length by the time it takes to finish flowing through it. Figure 7 shows the electrical connection of dual piezoelectric bimorphs to drive the anti-phase and in-phase motions. The various electrical fields are applied on the upper-layer and lower-layer piezoelectric ceramics with different polarization to produce larger bending deformation, since the shrinkage and extension were caused respectively by the same and the opposite directions between the electrical field and the polarization. The deformation mechanism on the piezoelectric bimorph was discussed in detail by Huang and Ma [24] . Figure 7 shows the electrical connection of dual piezoelectric bimorphs to drive the anti-phase and in-phase motions. The various electrical fields are applied on the upper-layer and lower-layer piezoelectric ceramics with different polarization to produce larger bending deformation, since the shrinkage and extension were caused respectively by the same and the opposite directions between the electrical field and the polarization. The deformation mechanism on the piezoelectric bimorph was discussed in detail by Huang and Ma [24] . The results in figures 8-10 indicate that the mode shapes of the anti-phase and in-phase motions are similar to the vibrations of a piezoelectric bimorph coupled with air. When the fluid effect was more pronounced (water-coupled and glycerine-coupled cases), the differences between the antiphase and in-phase mode shapes was more obvious. In the glycerine-coupled case, the anti-phase and in-phase motions differed considerably in terms of mode shape and resonant frequency due to the effects of viscosity. Under all three conditions, the mode shapes and resonant frequencies were similar at low frequencies (both upper and lower plates). The resonant frequencies decreased with density and an increase in the viscosity of the fluid. The results in Figures 8-10 indicate that the mode shapes of the anti-phase and in-phase motions are similar to the vibrations of a piezoelectric bimorph coupled with air. When the fluid effect was more pronounced (water-coupled and glycerine-coupled cases), the differences between the anti-phase and in-phase mode shapes was more obvious. In the glycerine-coupled case, the anti-phase and in-phase motions differed considerably in terms of mode shape and resonant frequency due to the effects of viscosity. Under all three conditions, the mode shapes and resonant frequencies were similar at low frequencies (both upper and lower plates). The resonant frequencies decreased with density and an increase in the viscosity of the fluid. In the air-coupled case, mode 3 did not appear in the AF-ESPI experiment below 6 kHz. In the water-coupled and glycerine-coupled cases, modes 6 and 8, and modes 3, 5, 6, and 8 did not appear, respectively. In the water-coupled case, mode 3 appeared in the AF-ESPI measurements; however, the mode shape was slightly altered due to the effects of density, sound velocity, and viscosity. Mode 3 cannot be measured by ESPI, as shown in Figure 8 , which might be since there are two bimorphs vibrating in the small space (the distance between the two plates is very small), and the frequencies of mode 3 and 4 are relatively close. The mode shapes will be affected by both the interactions between two bimorphs and two modes. The similar reason might explain the results of modes 5, 6, 7, and 8 in the water-coupled case, as shown in Figure 9 . However, the modes with more vibration did In the air-coupled case, mode 3 did not appear in the AF-ESPI experiment below 6 kHz. In the water-coupled and glycerine-coupled cases, modes 6 and 8, and modes 3, 5, 6, and 8 did not appear, respectively. In the water-coupled case, mode 3 appeared in the AF-ESPI measurements; however, the mode shape was slightly altered due to the effects of density, sound velocity, and viscosity. Modetwo bimorphs and two modes. The similar reason might explain the results of modes 5, 6, 7, and 8 in the water-coupled case, as shown in Figure 9 . However, the modes with more vibration did not appear in glycerine-coupled case, as shown in Figure 10 , since the fluid property of glycerine might have a more dramatic influence on the piezoelectric elements. Table 3 show that under air-coupled conditions, the resonance frequency and mode shape obtained in the AF-ESPI experiments were in good agreement with the FEM results, with a differences of less than 11%. Under water-coupled and glycerine-coupled conditions, the differences between the experimental and numerical results were less pronounced at higher frequencies ( figures  8 and 9 ). The differences between the two (in terms of frequency) were less than 10% for all of the modes, as listed in tables 4 and 5. Table 3 show that under air-coupled conditions, the resonance frequency and mode shape obtained in the AF-ESPI experiments were in good agreement with the FEM results, with a differences of less than 11%. Under water-coupled and glycerine-coupled conditions, the differences between the experimental and numerical results were less pronounced at higher frequencies (Figures 8 and 9 ). The differences between the two (in terms of frequency) were less than 10% for all of the modes, as listed in Tables 4 and 5 . Tables 3-5 show that under air-coupled conditions, the resonance frequency and mode shape obtained in the AF-ESPI experiments were in good agreement with the FEM results, with differences of less than 11%. Under water-coupled and glycerine-coupled conditions, the differences between experimental and numerical results were less pronounced at higher frequencies (Figures 9 and 10 ). The differences between the two (in terms of frequency) were less than 10% for all of the modes except for the first three. The disturbances were more pronounced at lower frequencies due to the large vibration displacement.
Experimental and Numerical Results
It was easier to obtain AF-ESPI measurements from glycerol-coupled vibrations than from water-coupled vibrations thanks to the stability of the frequency response in higher viscosity liquids. Overall, in the AF-ESPI experiments, the degree to which the density, sound velocity, and viscosity coefficient influenced the vibration characteristics (particularly the mode shapes of the piezoelectric element) increased with an increase in frequency. At lower frequencies (below 2 kHz), the difference between AF-ESPI and numerical results (in terms of resonance frequency) were less pronounced under glycerine-coupled than air-coupled and water-coupled conditions.
Figures 11-13 respectively present frequency spectrum diagrams derived from LDV measurements of air-coupled, water-coupled, and glycerine-coupled vibrations. Tables 3-5 respectively present the frequency values for air-coupled, water-coupled, and glycerine-coupled cases, as well as the degree to which they differed from the FEM results. It is clear that the differences were more pronounced under water-coupled and glycerine-coupled conditions than under air-coupled conditions. This may be because the laser light must penetrate the acrylic as well as the fluids in the LDV experiment, resulting in the consumption of some of the luminous energy, resulting in errors. The frequency difference between anti-phase and in-phase LDV measurements were more pronounced under water-coupled and glycerine-coupled conditions than under air-coupled conditions. The theoretical results for water-coupled and glycerine-coupled cases presented larger differences between anti-phase and in-phase modes (compared to the LDV experiment results). This may explain the discrepancies in the frequencies obtained using FEM and LDV. FEM) . Tables 3-5 indicate the differences in frequency results obtained using FEM and LDV. Under water-coupled conditions, the differences were much larger in the low-frequency range due to disturbance from the water. Under glycerinecoupled conditions, some of the modes could not be measured due primarily to the relatively small range of in-plane motion.
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(a) (b) (a) (b) Figure 13 . LDV displacement spectrum of glycerine-coupled (a) anti-phase vibration and (b) in-phase vibration. Figures 14-16 respectively present the impedance variation curves (anti-phase and in-phase motion) obtained under air-coupled, water-coupled, and glycerine-coupled conditions. It is also indicated in the impedance variation curve, as shown in Figure 14 , that the in-plane motion of mode 4 (1636 Hz in FEM) is relatively large compared to other modes; hence, the in-plane displacement of mode 4 may obstruct the reveal of mode 3 (1363 Hz in FEM). Tables 3-5 indicate the differences in frequency results obtained using FEM and LDV. Under water-coupled conditions, the differences were much larger in the low-frequency range due to disturbance from the water. Under glycerine-coupled conditions, some of the modes could not be measured due primarily to the relatively small range of in-plane motion. The results of the flow rate and the flow velocity of the pumping element for anti-phase and inphase vibration are listed in Tables 6 and 7 . As indicated in these data, both the gain of flow rate and the flow velocity increment are larger for anti-phase vibration than for in-phase vibration. For both average flow rate and velocity, the efficiency of low frequencies (first modes to third mode; that is, 20 Hz, 170 Hz, and 490 Hz) in anti-phase vibration is better because of the larger displacement, as shown in tables 6 and 7. The gain of the second mode of anti-phase motion is relatively large compared to the other modes. The flow velocity of the pumping element with a single bimorph is also measured through the experiment, as shown in Table 8 . More experimental and theoretical results about a single bimorph can be found in the published paper written about our previous study [25] . The optical experiment has much more difficulties for the dual bimorph, since one of the bimorphs is fixed in the lower position, and is obstructed by another bimorph. Comparing the results The results of the flow rate and the flow velocity of the pumping element for anti-phase and in-phase vibration are listed in Tables 6 and 7 . As indicated in these data, both the gain of flow rate and the flow velocity increment are larger for anti-phase vibration than for in-phase vibration. For both average flow rate and velocity, the efficiency of low frequencies (first modes to third mode; that is, 20 Hz, 170 Hz, and 490 Hz) in anti-phase vibration is better because of the larger displacement, as shown in Tables 6 and 7 . The gain of the second mode of anti-phase motion is relatively large compared to the other modes. The flow velocity of the pumping element with a single bimorph is also measured through the experiment, as shown in Table 8 . More experimental and theoretical results about a single bimorph can be found in the published paper written about our previous study [25] . The optical experiment has much more difficulties for the dual bimorph, since one of the bimorphs is fixed in the lower position, and is obstructed by another bimorph. Comparing the results of these two studies, it is indicated that the mode shapes of a single bimorph and dual bimorph are similar, and there is a slight difference in the resonant frequencies between the single and dual bimorphs. The resonant frequencies decrease both in single and dual-bimorph piezoelectric pumping elements when the similar modes that were excited from air changed to water or glycerine. As shown in Figure 18 , the pumping efficiency is presented related to increments of velocity from the values listed in Tables 7 and 8 . It is shown that the anti-phase vibration of the pumping element with the dual bimorph can clearly provide a better feature than that with a single bimorph due to the compression effect by two bimorphs, which deforms in opposite directions. 
Conclusions
Despite extensive research on the characteristics of piezoelectric micropumps, there has been relatively little work on the vibration of rectangular piezoelectric bimorphs coupled with fluids, and almost no work on dual-bimorph systems. In this paper, we present a novel piezoelectric pumping element. We conducted extensive analysis of the vibration characteristics under structure-liquid coupled conditions using full-field optical methods based on the AF-ESPI. This analysis provided clear fringes indicating the displacement and precise estimates of resonant frequencies. LDV and impedance analysis were also used to characterize the vibrations produced by the piezoelectric pumping element. Our experimental results are in good agreement with those obtained using finite element analysis in terms of mode shape and resonant frequencies.
The use of two piezoelectric bimorphs to drive the pumping element (rather than the single bimorph used in the previous designs) makes it possible to induce anti-phase as well as in-phase vibrations. Experimental and numerical results revealed that the resonant frequency of the anti-phase motion is lower than that of the in-phase motion. Coupling of the piezoelectric element with water or glycerine was far more pronounced than coupling with air due to the effects of density, acoustic velocity, and viscosity. In a comparison of experimental results and numerical findings, it was observed that the degree of deviation was far greater under water-coupled and glycerine-coupled conditions than under air-coupled conditions. The discrepancies in resonant frequency and mode shape between anti-phase and in-phase vibrations were also much more pronounced under fluid-coupled conditions than under air-coupled conditions. The influence of the vibration motion phase on both the flow rate and the flow velocity are also measured for the purpose of realizing the influences of different bimorph motion types on the efficiencies of the pumping element. It is indicated that the gain of flow rate obtained by the anti-phase motion of the dual-bimorph pumping element was larger than both those obtained by in-phase motion and by the single bimorph pumping element. For anti-phase vibration, the gain of flow rate for the first three modes were larger than those of higher frequencies. This research demonstrates the feasibility of dual-bimorph pump designs and provides an in-depth analysis of the vibration characteristics of the proposed piezoelectric pumping element. 
